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Volcanic island flank collapses have the potential to trigger devastating tsunamis threatening 15	
coastal communities and infrastructure. The 1888 sector collapse of Ritter Island, Papua New 16	
Guinea (in the following called Ritter) is the most voluminous volcanic island flank collapse in 17	
historic times. The associated tsunami had run-up heights of more than 20 m on the neighboring 18	
islands and reached settlements 600 km away from its source. This event provides an 19	
opportunity to advance our understanding of volcanic landslide-tsunami hazards. Here, we 20	
present a detailed reconstruction of the 1888 Ritter sector collapse based on high-resolution 2D 21	
and 3D seismic and bathymetric data covering the failed volcanic edifice and the associated 22	
mass-movement deposits. The 3D seismic data reveal that the catastrophic collapse of Ritter 23	
occurred in two phases: (1) Ritter was first affected by deep-seated, gradual spreading over a 24	
long time period, which is manifest in pronounced compressional deformation within the 25	
volcanic edifice and the adjacent seafloor sediments. A scoria cone at the foot of Ritter acted as 26	
a buttress, influencing the displacement and deformation of the western flank of the volcano 27	
and causing shearing within the volcanic edifice. (2) During the final, catastrophic phase of the 28	
collapse, about 2.4 km³ of Ritter disintegrated almost entirely and travelled as a highly energetic 29	
mass flow, which incised the underlying sediment. The irregular topography west of Ritter is a 30	
product of both compressional deformation and erosion. A crater-like depression underlying 31	
the recent volcanic cone and eyewitness accounts suggest that an explosion may have 32	
accompanied the catastrophic collapse. Our findings demonstrate that volcanic sector collapses 33	
may transform from slow gravitational deformation to catastrophic collapse. Understanding the 34	
processes involved in such a transformation is crucial for assessing the hazard potential of other 35	
volcanoes with slowly deforming flanks such as Mt. Etna or Kilauea.		36	
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Highlights:  39	
• First 3D seismic cube covering a failed volcanic flank and its slide deposits 40	
• Slow gradual spreading may transform into catastrophic collapse 41	
• Hummocky deposit topography is an interplay between compressional deformation and 42	
erosion  43	
• Only ~15% of total slide volume contributed to tsunami genesis  44	
 45	
1. Introduction 46	
The remnants of volcanic sector collapses have been identified around volcanic islands worldwide and 47	
are among the largest known mass flow events on Earth, with volumes of up to 5000 km3 in case of 48	
the Nuuanu landslide offshore Hawaii (Moore et al., 1989). Computer simulations indicate that large-49	
scale volcanic landslides on oceanic islands such as Hawaii or the Canaries can cause ocean-wide 50	
tsunamis (Løvholt et al., 2008; Waythomas et al., 2009). However, the magnitude of these tsunamis is 51	
poorly constrained, since tsunami generation depends on complex landslide transport and 52	
emplacement processes (Harbitz et al. 2013). Proximal tsunami run-up heights of more than 100 m on 53	
neighboring coastlines have been identified for flank-collapse generated tsunamis in Hawaii, Cape 54	
Verde, and the Canary Islands (McMurtry et al., 2004; Ramalho et al., 2015; Paris et al., 2017). 55	
Recent studies have shown that emplacement processes are often more complicated than previously 56	
assumed, involving seafloor sediment incorporation and eruptive activity (Watt et al. 2012, Hunt et al. 57	
2013). A robust understanding of these factors is essential for assessing the hazard of volcanic sector 58	
collapses.  59	
In historic times, volcanic landslide-induced tsunamis have caused more than 15,000 casualties, most 60	
of which can be attributed to the collapse events of Oshima-Oshima, Japan, in 1741, Mt. Unzen, 61	
Japan, in 1792, and Ritter, Papua New Guinea, in 1888 (Siebert et al., 1987; Auker et al., 2013; Day 62	
2015). All of these events occurred at composite arc volcanoes. Flank collapses in arc settings are 63	
typically smaller than those at ocean islands, but have a much higher global frequency and provide all 64	
historical examples (Watt et al., 2014; Day et al., 2015). Despite differences in the mobilized 65	
volumes, the deposits of sector collapses around ocean islands and island arc volcanoes are similar in 66	
various aspects, such as slope gradients in the deposition area, relationship between volume and loss 67	
of relief/run-out, nature of blocks and matrix of the deposit, as well as the geometry and size of blocks 68	
with respect to the collapsed volume (McGuire 2006; Watt et al., 2014). This suggests that the 69	
controlling processes and mechanisms are broadly similar, and insights from studying Ritter allow an 70	
improved understanding of volcanic sector collapse processes and associated tsunami generation in 71	
general.  72	
The 1888 Ritter sector collapse is the largest historic volcanic island sector collapse (Day 2015). 73	
Contemporary reports provide detailed information on the resultant landslide-induced tsunami 74	
(Anonymous, 1888; Steinhäuser, 1892). On the early morning of March 13, a large fraction of the 75	
island slid into the Bismarck Sea and triggered a devastating tsunami (Day and Ward, 2003). 76	
Observations suggest a single wave train, and hence a single phase of tsunami generation. The 77	
tsunami had a run-up height of more than 20 m on the neighboring islands and was still observed 78	
more than 600 km away from Ritter (Ward and Day, 2003; Day et al., 2015). Eyewitness accounts 79	
from various settlements allow a detailed reconstruction of the tsunami propagation, even though 80	
there are no direct observations of the collapse itself. Previous geophysical investigations showed that 81	
the emplacement of the Ritter debris avalanche was guided by the complex local seafloor 82	
morphology, with channelization between the neighboring islands of Umboi and Sakar, and an 83	
influence of submarine volcanic ridges and cones on the dispersal of the deposit (Day et al., 2015; 84	
Fig. 1). The volcanic ridges divide the deposit into two regions: (i) a proximal region with an irregular 85	
surface, previously interpreted as a blocky debris avalanche facies similar to the deposits produced by 86	
the 1980 Mount St. Helens sector collapse, and (ii) a distal deposit interpreted as comprising finer-87	
grained debris flow and turbidite deposits, including the failure and incorporation of pre-existing 88	
seafloor sediment (Day et al., 2015). Based on hydroacoustic data and cone reconstructions, it was 89	
previously estimated that the Ritter debris avalanche mobilized about 4.2 km³ of the volcanic edifice, 90	
and that the distal deposits have a volume of 6.4 km³ with a high proportion of eroded seafloor 91	
sediments (Day et al., 2015).  92	
In late 2016, we acquired a comprehensive dataset including a high-resolution three-dimensional (3D) 93	
seismic P-Cable cube covering the proximal part of the 1888 mass-movement deposits, more than 94	
1000 km of two-dimensional (2D) reflection seismic profiles, high-resolution bathymetry, rock 95	
samples, as well as seafloor video imagery. The 3D seismic data provide the first-ever insights into 96	
the subsurface of the source region of a volcanic landslide. The first and main objective of this study 97	
is to reconstruct the 1888 Ritter sector collapse and to constrain the emplacement dynamics of the 98	
resulting mass-movement. We combine 2D and 3D seismic data with morphological observations and 99	
seafloor imagery to understand the dynamic slide development and to establish a chronological 100	
framework for the destabilization and mobilization of the western flank of Ritter. Our second 101	
objective is to reconstruct the preconditions that led to destabilization of Ritter’s western flank and the 102	
processes that triggered the catastrophic collapse in 1888. Our third objective is to evaluate the 103	
implications for the interpretation of volcanic landslide deposits in a submarine environment and for 104	
tsunami hazard assessment. 105	
 106	
2. Geological background 107	
2.1. The Bismarck volcanic arc and Ritter  108	
Ritter is located in the center of the Bismarck arc, which is part of a tectonically complex zone of 109	
microplates between the Pacific and Australian plates (Fig. 1A; Woodhead et al., 2010; Baldwin et 110	
al., 2012). It marks the transition from typical arc magmatism in the east, to magmatism associated 111	
with subduction of the remnant Solomon Sea slab and arc-continent collision in the west (Johnson 112	
1977; Woodhead et al., 2010; Holm and Richards, 2013). Analyses of rock samples show that basaltic 113	
melts dominate the volcanism of the Western Bismarck arc (Johnson, 1977; Woodhead et al., 2010), 114	
which includes Ritter. Seafloor mapping revealed debris avalanche deposits around eleven volcanoes, 115	
showing that sector collapses are a widespread geological phenomenon in the Bismarck arc (Silver et 116	
al., 2009). 117	
Ritter is a relatively small and morphologically young conical edifice, rising from a base at ~1000 m 118	
beneath sea level, with a basal diameter of ~7 km. It lies between the larger islands of Umboi, New 119	
Britain and Sakar (Fig. 1B). Visual observations at Ritter, along with both subaerial and submarine 120	
samples, suggest that small-scale basaltic explosive and effusive volcanism characterized the volcano 121	
throughout its history, which is consistent with its simple conical shape and historical descriptions 122	
(Johnson, 2013; Day et al., 2015). More recent observations confirm that the volcano has continued to 123	
be active following the 1888 collapse (Fig. 2; Saunders and Kuduon, 2009). A horse-shoe-shaped 124	
slide scarp formed by the 1888 sector collapse dominates the morphology of Ritter. Lying centrally at 125	
the foot of the collapse scar, a prominent mound has been interpreted as an intact flank segment (i.e. 126	
toreva block, Fig. 2, Day et al., 2015). A new volcanic cone with a well-developed summit crater 127	
(approximately 200 m below sea-level at present) has grown after 1888 in the center of the slide scarp 128	
(Day et al., 2015).  According to subaerial observations (Saunders and Kuduon, 2009), the volcanic 129	
cone has been active in recent times. Several conical scoria cones west of Ritter were previously 130	
interpreted to have formed after 1888 (Day et al. 2015). 131	
 132	
2.2. Historic eyewitness accounts of the 1888 events 133	
Ritter was described as a prominent landmark by explorers sailing the Bismarck Sea since the late 17th 134	
century (Johnson, 2015), with observers noting frequent eruptive activity (interpreted as Strombolian 135	
explosive eruptions). Two eruptions in the southern Bismarck Sea, with unconfirmed dates of 1878 136	
and 1887, may have been at Ritter (Johnson, 2015), suggesting that the island was likely volcanically 137	
active shortly before it collapsed. Prior to collapse, Ritter was described as a steep-sided, ~800 m high 138	
cone. There are no historic accounts about volcanic activity, earthquakes or other precursors 139	
immediately before or during the 1888 sector collapse, but the resulting tsunami was described by 140	
German colonists at various settlements along the coasts of New Guinea and New Britain 141	
(Anonymous, 1888; Steinhäuser, 1892). Previous investigations concluded that the Ritter collapse was 142	
most likely not preceded, accompanied, or followed by magmatic eruption, and it was thus classified 143	
as a Bandai type collapse (Day et al., 2015). However, there are eyewitness accounts that suggest 144	
explosions may have accompanied the 1888 collapse. These accounts recall a shot-like noise (which 145	
could plausibly originate from a phreatic explosion, given that comparable sounds are described 146	
accompanying the Bandai sector collapse; Sekiya and Kikuchi, 1890) about 40 minutes before the 147	
arrival of the tsunami wave in Hatzfeldthaven, 350 km to the west, and a thunder-like sound and ash 148	
fall in Finschhafen, 100 km to the south. The latter observation is hard to explain, given the lack of 149	
evidence of more proximal tephra fall deposits or a high eruption column, but additional reports of 150	
washed-up pumice at the north coast of New Guinea, as well as ash and pumice clasts reported on top 151	
of tsunami-devastated rain forest along the west coast of New Britain, 20 km east of Ritter, in the days 152	
after the collapse (Anonymous, 1888; Steinhäuser, 1892), do suggest possible magmatic activity 153	
accompanying the event. Although alternative explanations may be made to account for some 154	
eyewitness descriptions, comparisons with Bandai suggest that a phreatic explosion was likely to have 155	
accompanied the event, particularly given that the collapse scar cross-cuts the recently active conduit 156	
and would have led to seawater interaction with the shallow plumbing system. The interpretation of 157	
accounts that suggest subaerial magmatic activity accompanying the event remain more ambiguous. 158	
 159	
3. Data and methods 160	
During cruise SO252 with R/V Sonne in late 2016 we collected a 3D seismic survey using a P-Cable 161	
3D seismic system consisting of sixteen streamers and two 105/105 cubic inch GI airguns in harmonic 162	
mode. The survey covered about 60 km² (Fig. 1c). Data processing included source-receiver geometry 163	
corrections, bandpass frequency filtering, normal move-out correction, stacking, trace-interpolation, 164	
and 3D time migration using a constant velocity of 1500 m/s. The resulting 3D cube has a lateral 165	
resolution of 3.25 m and vertical resolution of approximately 6 m at the seafloor (decreasing with 166	
depth). The 2D seismic profiles were recorded using the same airgun source and a 250 m-long 167	
streamer (160 channels) with a group spacing of 1.56 m. 2D seismic data processing included 168	
bandpass filtering, normal move-out correction, and 2D stolt-migration using a constant velocity of 169	
1,500 m/s. In addition, we acquired a bathymetric grid of the study area with a horizontal resolution of 170	
5 m using two multibeam systems (Kongsberg EM710 and EM122). Six three-component ocean 171	
bottom seismometers (OBS) were deployed along a profile within the 3D seismic cube to derive a 2D 172	
velocity model by forward modeling. The OBS data analyses included interactive phase picking, 173	
velocity model editing, and comparison of measured and modeled arrivals using the software tools 174	
PASTEUP and MODELING (Fujie et al., 2008). Combination of 3D seismic interpretation with 175	
seismic velocity information from the OBS experiment allows us to derive depth and volume 176	
information. We integrated and analyzed the datasets using the seismic interpretation software 177	
package Petrel by Schlumberger and KingdomSuite by IHS. In addition, we collected seafloor video 178	
and photographic footage as well as rock and sediment samples during ten dives using the remotely 179	
operated Ocean Floor Observation System, a TV grab and a Hydraulic Benthic Interactive Sampler 180	
System. 181	
 182	
4. Results  183	
4.1. The morphology of Ritter and the adjacent seafloor 184	
The submarine morphology of Ritter is dominated by the horseshoe-shaped scarp of the 1888 sector 185	
collapse, which consists of northern and southern submerged sidewalls, extending westwards from the 186	
crescent shaped remnants of the subaerial part of the island (Fig. 2A). The current island was part of 187	
the eastern flank of the cone, and the collapse cut through the central conduit, leaving the position of 188	
the former island summit submerged. A submarine cone lies within the collapse scar, and from its 189	
position and seismic character we infer that this cone has been built by continued post-1888 eruptions 190	
from the pre-collapse conduit system. The summit of this cone has a crater filled with turbid water 191	
indicating vigorous ongoing hydrothermal activity. 192	
The morphology of the slide scarp is generally smooth, although seafloor video footage reveals the 193	
walls to be incised and irregular, comprising exposed, brecciated lavas interbedded with primary and 194	
reworked scoriaceous deposits, which are extensively cut by volcanic dykes (Figs. 2A-D). A chain of 195	
small parasitic cones on the intact southern flank of Ritter is radially aligned with the crater of the 196	
post-1888 cone (Figs. 2A, 3).  197	
Large, submarine conical features mark the basin west of Ritter, in some cases forming ridges aligned 198	
NNE between Umboi and Sakar. Seafloor imagery indicates that the surface of these cones consists of 199	
well-bedded, scoriaceous deposits. Therefore, we interpret them as either isolated or aligned clusters 200	
of monogenetic scoria cones, although most have no summit crater. Except for these volcanic cones 201	
and ridges, the slopes of Umboi and Sakar have a generally smooth morphology with several gullies 202	
(Fig. 1C).  The morphology becomes slightly rougher at the base of the Umboi slope; the transition 203	
between smooth and rougher morphology has been interpreted as a trim line related to the 1888 204	
landslide (Day et al., 2015). 205	
The seafloor morphology west of Ritter’s new cone is relatively flat and smooth, although it is marked 206	
by gently undulating parallel ridges. These features occur across the northern half of the basin, from 207	
the Ritter slide scarp to the volcanic ridges in the west, and align broadly N-S and thus 208	
perpendicularly to the inferred direction of landslide movement (Fig. 2G). In contrast, the southern 209	
half of the basin is characterized by much more irregular topography, comprising steep-sided mounds 210	
with no regular alignment or fabric, which are separated by a network of channels (Fig. 2B, H). Based 211	
on analogy with subaerial debris avalanche deposits, this terrain may be described as hummocky. 212	
Individual hummocks are very large, with widths of a hundred to more than a thousand meters. The 213	
boundary between the relatively flat, gently ridged terrain and the hummocky terrain to the south 214	
marks a topographic step (Fig. 2B, G), with the summits of the hummocks being all topographically 215	
lower than the level of the flat terrain further north. Seafloor video footage and sampling from the 216	
steep sides of the hummocks indicates sand- to cobble-sized loose volcanoclastic sediment at the 217	
surface (Fig. 2E). The network of channels between the hummocks deepens towards the west. For 218	
example, two channels originate north and south of the scoria cone west of the toreva block and 219	
become successively deeper towards the west (Figs. 2B, H), while another channel originates between 220	
the volcanic ridges at the northwestern corner of the basin (Fig. 2H). All channels merge into one 221	
major, >50 m deep channel that continues into the neighboring basin west of the ridges (Figs. 1C, 2). 222	
 223	
4.2. Internal architecture of Ritter and the adjacent seafloor 224	
The seismic data reveal that Ritter consists of well-stratified material (Fig. 3).  Undisturbed, sub-225	
parallel layers characterize the northern flank of Ritter, while the southern flank shows pronounced 226	
deformation and a more complex internal architecture. Reflections with higher amplitudes may mark 227	
the division between different phases of pre-collapse growth of the volcano. The southern flank of 228	
Ritter has grown on top of the northward dipping strata of the slope of Umboi. The seismic data 229	
clearly show a chain of parasitic cones that have grown during the deposition of the youngest unit of 230	
pre-collapse deposits, indicating that these features are comparatively young (Figs. 3). An 231	
unconformity marks the boundary between the post-1888 cone and the older volcanic edifice, 232	
indicating that the new cone has filled up a crater-like depression (Fig. 3). 233	
Seismic profiles crossing the volcanic cones and ridges on the slope and west of Ritter support our 234	
interpretation that these features are scoria cones, revealing an internal structure of continuous, low-235	
amplitude, surface-parallel reflections. (Figs. 2F, 4). The toreva block, which lies between two chutes 236	
on either side of Ritter’s collapse scarp, has a well-preserved internal stratification that resembles that 237	
of Ritter (Figs. 2A, 4D). Strongly folded reflections at the western foot of the toreva block indicate 238	
shortening and overlie the neighboring scoria cone. At the base of these folded reflections, a thrust 239	
fault is visible in the seismic data and manifests as a subtle ridge on the seafloor that extends North 240	
and South of the Toreva block margins (Figs. 6, 7). 241	
At the foot of the collapse scar, extensive compressional deformation structures extend into well-242	
stratified units for more than 500 m below the present-day seafloor. This deformation is most intense 243	
beneath the chutes to the north and south of the toreva block, and is less pronounced in the toreva 244	
block itself (Figs. 4, 5). In the region extending west from the southern chute of the collapse scarp, 245	
several angular units with well-preserved but inclined strata indicate rotation of intact blocks with 246	
diameters of 500 – 1000 m (Fig. 5). The rotational deformation close to Ritter gradually turns into 247	
symmetrical folding towards the west, extending over 8 km from the collapse scarp and affecting 248	
sedimentary units with a well-preserved internal stratification. The folded package has a thickness of 249	
up to 150 m. Towards the west, the fold crests have been partly eroded, truncating internal 250	
stratigraphy. The folded sediment package that extends from the northern segment of the collapse 251	
scarp is less affected by erosion and the folds have shorter wavelengths (Fig. 4). Two high-amplitude 252	
reflections mark boundaries between sediment packages affected by different degrees of deformation 253	
(Figs. 4, 5). Although these distinct reflections are discontinuous, it is possible to map the lower of 254	
these two shear zones, which marks the base of extensive deformation, across the entire basin. The 255	
seismic dataset is not depth converted and, thus, some of the bending of the reflections may be 256	
attributed to velocity pull-ups. However, most of the bending reflects folding, which becomes clear, 257	
when flattening the seafloor reflection and is also demonstrated by the wide-spread presence of 258	
bending beneath areas with flat seafloor. Immediately south of Ritter, the base of deformation 259	
converges with the unconformity between the slope of Umboi and the base of the Ritter edifice (Figs. 260	
3-5). The intense folding and faulting in the upper basin stratigraphy persists across both the 261	
hummocky terrain and the flatter, ridged terrain to the north. The crests of the ridges in the northern 262	
half of the basin appear to coincide with fold axes, while some crests in the hummocky terrain in the 263	
south also appear to reflect anticlinal folds or faulted blocks within the bedded sediment package 264	
(Figs. 4, 5).  265	
 266	
4.3. Volume estimates and quantification of shortening 267	
The OBS data yield seismic velocities of ~1760 m/s for the deformed basin infill (Roth, 2018). 268	
Mapping the lower shear zone as the base of material deformed by the 1888 collapse in 2D and 3D 269	
seismic data (yellow in Fig. 3- 5) and converting it to depth by extrapolating the OBS velocities 270	
laterally results in a volume of 11 +/- 1 km³ (Fig. 8B). Although the error of the velocity field is of the 271	
order of 100 m/s at this depth interval, the total uncertainty is about 10% because the data do not 272	
provide information on the lateral variability of the P-wave velocity. This volume includes the toreva 273	
block and extends into the chutes of the collapse scar, but excludes scoria cones in the basin. The 274	
volume missing from Ritter (i.e. the portion of the pre-collapse cone that was entirely evacuated from 275	
the collapse scarp) was reconstructed by fitting ellipsoids to the contour lines of the present day 276	
bathymetry and assuming a pre-collapse summit height of 800 m (projected from remaining flanks 277	
and consistent with pre-collapse descriptions; cf. Day et al., 2015), which resulted in a volume of 2.4 278	
+/- 0.2 km³ (Fig. 8A). The volume of sediments eroded by the channel network on the south side of 279	
the basin was approximated by interpolating between the margins of the erosional channel systems 280	
within the 3D seismic data, to a height consistent with the projected surface of the flat region on the 281	
north side of the basin. This results in a volume of 1.6 +/- 0.1 km³ of eroded material from these 282	
channels (Fig. 8C). 283	
Quantifying the amount of shortening is difficult because of the imperfect imaging of compressional 284	
structures within the deformed seafloor sediments. Geometric analysis of individual structures 285	
suggests compression of 12 to 24 m per kilometer, but it is clear that this is only a minor part of the 286	
shortening. A more useful estimate of the total shortening may be the observed movement of the 287	
toreva block, which has moved about 600 m into the deformed sediments. This total maximum 288	
shortening corresponds to 60 m/km, which agrees reasonably well with the shortening derived from 289	
individual structures considering that most deformation occurs at sub-seismic scales (e.g. Barnes et 290	
al., 2018).. 291	
5. Discussion 292	
The seafloor morphology and the internal architecture of the remnants of Ritter and the adjacent 293	
bedded sedimentary units indicate a complex development of the 1888 sector collapse. The exposed 294	
and evacuated slide scarp clearly indicates an unconfined catastrophic failure of the volcanic cone 295	
during the 1888 event. The basal surface of this evacuated scarp continues from the failed edifice to 296	
overlie compressively deformed bedded sediments west of Ritter. This suggests that a first phase of 297	
flank instability must have preceded the disintegrative phase (Figs. 4-6). In the following we discuss 298	
each collapse phase and their implications.   299	
 300	
5.1. Deep-seated spreading of the western flank of Ritter  301	
A key for the reconstruction of the deep-seated deformation at Ritter is the toreva block, which 302	
represents an intact remnant of the failed western flank and therefore preserves the deformation 303	
history of the volcano before the catastrophic collapse. The toreva block reveals well-preserved 304	
internal stratification characterized by pronounced folding at its western toe. The amplitude of folding 305	
increases with depth, indicating that compressional deformation (i.e. westward spreading at the base 306	
of the flank) accompanied growth of the volcanic edifice (Fig. 7A). The current position of the toreva 307	
block relative to contours of the remaining edifice indicates that the block was laterally displaced by 308	
at least 1 km (Fig. 7B). It is likely that part of this displacement may reflect translation on a slide 309	
surface during the catastrophic phase of collapse, but there is evidence that there was also a long-term 310	
movement associated with spreading at the base of the flank. The folded sediments within the toreva 311	
block abut the flanks of a partly buried scoria cone, which pre-dates the 1888 collapse (Fig. 4C). The 312	
scoria cone may thus have acted as a buttress for the central segment of the spreading, western flank 313	
of Ritter, which explains the preservation and limited displacement of the toreva block relative to 314	
material evacuated along the chutes to the north and south. This situation may be, although on a far 315	
smaller scale, comparable to the unstable southern flank of Kilauea, where the cone of Loihi controls 316	
the development of the Hilina Pali slump (Smith et al., 1999). Deep-seated gradual spreading within 317	
volcanic edifices is a well-documented process and currently active flank movements are observed at 318	
several volcanoes (e.g. Kilauea, and Etna; Morgan et al, 2003; Urlaub et al., 2018). Gradual spreading 319	
can induce structural instability of the volcanic edifice, which may ultimately lead to the catastrophic 320	
collapse of the volcano along deep-seated detachments with the incorporation of large amounts of 321	
basement material (van Wyk de Vries & Francis, 1997). The observed folding and thrusting at Ritter 322	
is similar to field geological observations from onshore volcanoes affected by deep-seated gradual 323	
spreading like Socompa (Chile; van Wyk de Vries et al. 2001), Mombacho (Nicaragua; van Wyk de 324	
Vries & Francis, 1997) or Jocotitlan (Mexico; Dufresne et al., 2010). 325	
The bedded packages north and south of the toreva block have experienced far stronger deformation 326	
and are characterized by a complex interplay of compressional folding, thrust faulting and rotation of 327	
blocks reaching down to 500 meters deep (Figs. 4-6). The timing and duration of spreading at the base 328	
of the Ritter edifice, and how this relates to the compressional deformation that extends through much 329	
of the basin sediment west of Ritter, is difficult to constrain. However, the increase in fold amplitude 330	
with depth in the toreva block, described above, indicates that compressional deformation, at least at 331	
the foot of the volcanic edifice, occurred over a long period of time. The fact that only some sediment 332	
layers within the toreva block show westward thinning may indicate that deformation occurred 333	
episodically rather than continuously, similar to the Hilina Pali slump. The presence of a subtle thrust 334	
fold in areas evacuated during the catastrophic collapse indicate that spreading along the deep slide 335	
surface continued even during the last stage of the flank collapse (Fig. 6). 336	
Ritter is very young and small compared to most other volcanoes affected by gradual flank spreading. 337	
Apart from the volcanic layering there are no indications for internal heterogeneities (e.g. old slide 338	
scarps) in the seismic data that would suggest that Ritter was predisposed to failure on the western 339	
flank, or to explain gradual spreading in this direction. Analogue models indicate that detachment 340	
surfaces within volcanic edifices may form solely due to gravitational instabilities (Delcamp et al., 341	
2008), which is a plausible cause for gradual spreading within Ritter’s edifice as it mainly consists of 342	
poorly consolidated, coarse volcaniclastic, and thus rather unstable material. Dyke intrusions often 343	
trigger episodic flank movements along deep-seated detachment surfaces (Bonforte et al., 2013). This 344	
process may also be relevant at Ritter, because the chain of parasitic cones, which have grown on top 345	
of young sediments on the southern slope of Ritter (Figs. 2A, 3), reveal relatively recent intrusion of 346	
magma perpendicular to the direction of sector displacement and thus provides a possible additional 347	
driver for the deep-seated deformation. 348	
The slide surface of the catastrophic phase of the Ritter Island collapse is still preserved in the 349	
bathymetry of the volcanic edifice and continues via the chutes either side of the toreva block, cutting 350	
into the deformed seafloor sediments (Figs. 4-6). The geometry of the slide surface indicates that the 351	
catastrophic collapse did not occur along the pre-existing shear zone associated with the deep-seated 352	
flank instability but shallower. The erosional channels from the catastrophic collapse cut through the 353	
well-developed folds (Figs. 4, 5), which indicates that the compression must predate the passage of 354	
the mass flow derived from the catastrophic collapse phase. The relative timescales of these two 355	
processes cannot be definitively constrained. Gradual compressional deformation may have extended 356	
for many kilometers west of the growing Ritter edifice (alongside that observed at the foot of the 357	
western flank, in the toreva block), but it is also possible that some of this compression occurred more 358	
rapidly during an initial phase of the 1888 event, prior to and perhaps precipitating the catastrophic 359	
collapse and disintegration of the upper part of the edifice. 360	
 361	
5.2. Catastrophic destruction of the volcanic cone 362	
Eyewitness tsunami observations of a single wave train and numerical landslide-tsunami simulations 363	
indicate that the catastrophic collapse of Ritter must have been a fast and highly energetic event 364	
occurring as a single phase of movement (Ward & Day, 2003). The hummocky terrain west of Ritter 365	
has previously been interpreted as the debris avalanche deposit associated with this collapse (Johnson 366	
1987; Day et al., 2015). However, the 3D seismic data reveal that these hummocks consist of 367	
compressed seafloor sediments (Figs. 4-6), which have been deeply eroded by a highly energetic 368	
flow, and not of large blocks transported within a chaotic matrix as observed at other submarine sector 369	
collapse deposits (e.g., Montserrat; Crutchley et al., 2013). The absence of any large cone fragments 370	
within the extent of the 3D seismic cube and the pronounced erosion of pre-existing sediments 371	
suggest that the failed cone of Ritter disintegrated rapidly and transformed into a highly energetic and 372	
mobile mass with a high proportion of relatively fine sediment. The erosional channels initiate next to 373	
the scoria cone in front of the western flank of Ritter and carve continuously deeper into the 374	
underlying compressed seafloor sediments as distance from Ritter increases (Fig. 2). Basal erosion 375	
intensified when the sliding material was focused into a constriction formed by the volcanic ridges 376	
and cones (Fig. 8C). It is unclear how much of the disintegrative mass was deposited in the proximal 377	
region (our observations and samples indicate cobble- to sand-sized volcanic deposits across this 378	
region), but any such deposits are likely to be relatively thin and surficial, as there is no seismic 379	
indication for a layer on top of the deformed seafloor sediments. It is possible that more substantial 380	
volumes of the disintegrated mass were deposited in the north of the basin, infilling irregularities and 381	
leading to the relatively smooth surfaced seafloor here, but we nevertheless conclude that the majority 382	
of the 2.4 km3 bypassed the proximal region. 383	
For most of the over 400 identified volcanic sector collapses worldwide, the preconditions and trigger 384	
mechanisms are unknown (Siebert 1987). Ritter offers a rare opportunity to reconstruct the evolution 385	
of such an event, which may be triggered by a combination of various processes, such as over-386	
steepening, tectonic earthquakes, magmatic intrusions and eruptions, but also by deep-seated gradual 387	
spreading (van Wyk de Vries & Francis, 1997; Carrasco-Núñez et al., 2011). As discussed above, 388	
deep-seated gradual spreading likely preconditioned the collapse of Ritter by inducing strain and 389	
continuous shearing. This shearing is reflected in the development of the two separate chutes. In 390	
addition to this preconditioning, a further mechanism may have initiated the transition from gradual 391	
spreading to catastrophic collapse. The detailed eyewitness accounts do not report any regionally felt 392	
earthquakes (Anonymous, 1888; Steinhäuser, 1892), which is a common trigger for catastrophic 393	
sector collapses (e.g. 1980 Mount St. Helens or the 1792 Unzen collapses; Siebert et al., 1987). 394	
However, a local tectonic event near or within the edifice of Ritter may not have been detected in 395	
settlements more than 100 km away. Therefore, moderate ground motion due to an earthquake 396	
remains a plausible trigger for the catastrophic phase of the 1888 Ritter sector collapse.  397	
Many sector collapses are accompanied by explosive eruptions, leading to highly complex deposits 398	
(e.g. Hunt et al., 2017), and often it is difficult to reconstruct the temporal relationship between the 399	
mass movement and eruption. For Ritter, there are multiple independent observations indicating that 400	
explosive activity accompanied or was initiated by the rapid final phase of failure. Firstly, eyewitness 401	
accounts report a shot-like noise 40 minutes before the tsunami arrival in Hatzfeldhaven, ash fall and 402	
washed-up pumice at multiple locations and steam emissions (presumably from the sea surface) 403	
immediately after the collapse (Anonymous, 1888; Steinhäuser, 1892; Johnson, 2015). Secondly, the 404	
seismic data reveal a depression in the center of the volcanic edifice, which has been filled by the 405	
post-1888 cone (Fig. 3) and most likely represents an explosion crater. Ritter was frequently active 406	
before 1888, and it is likely that incipient failure cut an active hydrothermal system above the conduit, 407	
and that ingress of seawater during collapse would have generated a phreatic explosive eruption, 408	
explaining both reports of detonations and potentially a source of ash generation (cf. the Bandai 409	
collapse, 1888). Phreatic activity would explain the observation of post-collapse steam emissions and 410	
local observation of pumice and ash deposition are more consistent with a magmatic eruption (cf. 411	
Watt et al., 2019). We also note that more distal reports of ashfall and pumice in Kalena and 412	
Finschhafen are harder to explain without a high eruption column, which is not supported by more 413	
proximal observations.  414	
The combined observations suggest that the catastrophic collapse of Ritter’s cone in 1888 was likely 415	
preconditioned by the interplay between gravitational spreading causing differential deformation and 416	
structural weakening of the western flank and the episodic intrusion of magmatic dykes. We propose 417	
that the long-term displacement and dissection destabilized the flank and that a local tectonic event or 418	
the intrusion of magma triggered the catastrophic collapse. A triggered phreatic explosion, potentially 419	
followed by magmatic eruption, provides an additional mechanism that may have facilitated 420	
disintegration of the failing sector and accelerated the slide mass that allowed it to erode deeply into 421	
the previously deformed seafloor sediments. 422	
 423	
5.3. Implications for interpreting debris avalanche deposits and tsunami hazard assessment 424	
Tsunami genesis by a submarine landslide is primarily controlled by the volume and velocity of the 425	
sliding mass and whether it is emplaced at once or in separate stages (Løvholt et al., 2005; Watt et al., 426	
2012). For Ritter, our data indicate that most of the material affected by the 1888 collapse (and by the 427	
preceding, potentially long-term compressional deformation) consisted of deformed and eroded 428	
seafloor material. Since this deformation involved limited lateral transport or vertical displacement, 429	
and was probably gradual, it is unlikely to have contributed significantly to the 1888 tsunami. The 430	
incorporation and deformation of significant amounts of basement material resembles other sector 431	
collapse deposits studied onshore. Field geological mapping of the Socompa sector collapse in Chile 432	
indicated a total debris avalanche volume of ~25 km³ (excluding intact toreva blocks; van Wyk de 433	
Vries et al., 2001).  Road cuts through this material show that 80% of this volume consists of 434	
entrained basement material and only a comparatively thin cover of material derived from the edifice 435	
collapse. While these onshore interpretations build on limited direct observations, we can quantify the 436	
volumes of different units of the Ritter sector collapse and their deposits as follows: 437	
• Pre-collapse cone (fully evacuated from source region): ~2.4 +/-0.2 km³; volume 438	
reconstruction from bathymetry and historic reports 439	
• Deformed seafloor material: ~11 +/- 1 km³ (including the toreva block; a small proportion of 440	
this volume may also comprise deposits from the disintegrated pre-collapse cone); volume 441	
estimate from seismic data 442	
• Eroded seafloor sediments (proximal): ~1.6 +/- 0.1 km³; volume estimate from 3D seismic 443	
data 444	
• Distal turbidites and debris flow units: ~5 km³ (Watt et al., 2019) 445	
The first three estimates suggest that gradual spreading during the initial phase of slope instability 446	
affected about ~15 km³ (i.e. the deformed and eroded seafloor sediments and the cone), while the 447	
rapid, catastrophic phase of collapse only affected 2.4 km³ of the edifice. The material eroded from 448	
the channel network, with the missing pre-collapse cone volume, adds up to 4 km³. Some of this 449	
material was deposited in the basin west of Ritter, implying that at least a further 2 km³ of seafloor 450	
sediments was eroded further west, to account for the 6.4 km³ of material within distal turbidites and 451	
debris flow deposits Watt et al., 2019).  452	
The instability and eventual collapse of Ritter’s western flank therefore mobilized a total volume of at 453	
least 16 km³ of material, but this involved a wide variety of processes, velocities and extents of lateral 454	
transport. As little as 15% of this volume (2.4 km3, with a possible additional translational movement 455	
of deeper material, such as that in the toreva block) formed the primary, rapidly moving collapse 456	
mass, and was thus the tsunamigenic component of the event. These results differ from previous 457	
estimates based solely on bathymetric mapping, which resulted in a volume of 4.2 km³ for the primary 458	
collapse, 6.4 km³ for the distal deposits including incorporated seafloor sediments, and a total volume 459	
of about 10 km³ (Day et al., 2015). The differences between Day et al. (2015) and our volume 460	
estimates highlight the difficulties of interpreting mass-movement deposits solely from surface 461	
morphologies and the importance of subsurface geometry constraints by seismic data in landslide 462	
volume calculations. The previous estimates were biased on interpreting the proximal Ritter deposit as 463	
the block-rich facies of a debris avalanche and inferring that the hummocky terrain comprised large 464	
fragments of the failed cone, transported within a matrix of chaotic material. In contrast, our internal 465	
imaging shows that the deposits proximal to Ritter are dominated by compressional structures (Fig. 466	
4), and that the hummocks west of Ritter consist of deformed seafloor sediments that were 467	
morphologically modified by erosion. In this sense, the hummocky morphology at Ritter differs from 468	
what is typically interpreted within subaerial and many submarine volcanic debris avalanches. A 469	
‘blocky’ seafloor morphology consequently may not always indicate a deposit of a primary landslide 470	
mass, but could also result from the complex combination of deformation and erosion.  471	
Our estimate that the rapidly-moving landslide mass accounted for just 15% of the total volume of the 472	
Ritter deposit is comparable to estimates of the primary edifice to basement ratio within the Socompa 473	
deposits, and exceeds the estimates for the sediment-rich volcanic-collapse deposits offshore 474	
Montserrat, where seafloor material contributes half or two-thirds of the entire deposit volume (Watt 475	
et al., 2012). By distinguishing between gradual deformation and catastrophic failure, the volume of 476	
the rapidly moving phase of the Ritter collapse (2.4 km3) may have been even smaller than the 2.7 477	
km³ calculated for the 1980 Mount St. Helens sector collapse using a similar approach (Moore & 478	
Albee, 1981), which questions whether the 1888 Ritter sector collapse should be classified as the 479	
largest historic sector collapse.  480	
Previous numerical tsunami simulations reproduced the historic tsunami observations quite 481	
convincingly using a slide volume of 4.6 km³ and a slide emplacement velocity of 40 m/s (Ward and 482	
Day, 2003). However, the solely bathymetrically constrained volume calculations overestimated the 483	
rapidly moving (and tsunamigenic) collapse volume by 75% compared to our seismically constrained 484	
estimates. This implies that the collapsing mass of Ritter must either have had a higher velocity than 485	
previously assumed or that additional processes amplified the tsunami wave. The potential explosion 486	
during the collapse of Ritter may have had an influence on the disintegration and mobility of the 487	
sliding mass or even contributed directly to tsunami genesis by the displacement of water, as shown 488	
for the 1650 submarine explosive eruption of Kolumbo volcano in the Aegean Sea (Ulvrova et al., 489	
2016). Any landslide-tsunami simulations that treat the sliding mass as gravitationally accelerated 490	
blocks or fluids, cannot address this complexity (Løvholt et al, 2015). This highlights the need for 491	
advanced numerical simulations and improved source mechanism parameterization to achieve more 492	
reliable volcanogenic tsunami hazard assessments. 493	
 494	
6. Conclusions 495	
The 3D seismic analysis of the remnants of the Ritter Island volcanic cone and the adjacent deposits 496	
indicates that the sector collapse of Ritter occurred in two stages (Fig. 9). The initial phase was 497	
characterized by deep-seated gradual spreading potentially controlled by extension within the volcanic 498	
edifice. The gradual spreading developed over a long period of cone growth and resulted in 499	
compressional deformation within the volcanic edifice of Ritter. A pre-existing scoria cone buttressed 500	
the central segment of the western flank, induced shearing within the mobile flank, and explains the 501	
presence of the preserved toreva block. The seafloor sediments at the base of Ritter’s western flank 502	
show pronounced compression, which developed either simultaneously with the deformation in the 503	
toreva block or during the early stages of the catastrophic collapse itself. The second phase of the 504	
collapse was highly energetic and led to disintegration of 2.4 km3 of the Ritter cone in 1888. The 505	
failed cone formed an erosive mass flow that cut deeply into the previously deformed seafloor 506	
material and formed erosional channels and a hummocky inter-channel morphology within the basin 507	
west of Ritter. Historic eyewitness accounts and a crater-like depression within the volcanic edifice 508	
suggest that the collapse was likely accompanied by an explosive phreatic, and possibly magmatic, 509	
eruption (Fig. 9). The collapse was most probably triggered by a local tectonic event or the intrusion 510	
of magma into the volcanic edifice, but this inference remains speculative without further data.  511	
The entire Ritter Island failure affected ~11 km³ of proximal basin-filling sediments, which is far 512	
more voluminous than the final catastrophic collapse of the cone itself, which had a volume of ~2.4 513	
km³. Our analyses suggest that only this final collapse was responsible for the devastating tsunami, 514	
and indicate that only 15% of the total mass-transport deposit contributed to tsunami genesis. These 515	
observations highlight the importance of high-resolution geophysical subsurface data to reliably 516	
reconstruct volcanic landslide emplacement parameters, which are crucial for reliable geohazards 517	
assessments. Without such constraints, tsunamigenic slide volumes may be systematically 518	
overestimated. Our results show that volcanic eruptions accompanying volcanic sector collapses have 519	
the potential to significantly change the dynamics of the travelling mass and therefore require special 520	
attention in future landslide-tsunami simulations. 521	
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Figures 532	
Fig. 1: A) Tectonic framework of the Bismarck Sea with major structural element (BSSL: Bismarck Sea seismic 533	
lineation; based on Baldwin et al., 2012. B) Topographic map of the study area between New Britain, Umboi, Sakar 534	
and Ritter with data coverage from research cruise SO252, GEBCO and Aster digital elevation model grids. C) 535	
Shaded relief map of the study area with extent of P-Cable 3D seismic cube and seismic profiles presented in this 536	
study. 537	
 538	
Fig. 2: A) 3D view on the failed volcanic cone of Ritter (all 3D views are 3 times vertically exaggerated). B) 3D view 539	
on the hummocky 1888 Ritter collapse deposits with erosional channels and pre-1888 volcanic cones. Seafloor 540	
photography of C) exposed lava at the collapse scarp, D) sheeted lava flows, E) fine grained sediments within an 541	
erosional channel and F) scoria pebbles of the volcanic cone west of Ritter. G) 3D view on the failed volcanic cone of 542	
Ritter towards the neighboring basin filled with 1888 collapse deposits. H) 3D view on the hummocky 1888 Ritter 543	
collapse deposits with erosional channels, pre-1888 volcanic cones. Letters in red circles indicate location of seafloor 544	
photographs in the corresponding figure panels. 545	
 546	
 Fig. 3: 2D seismic profile crossing the intact and failed parts of Ritter revealing the internal architecture of the 547	
volcanic edifice, the post-1888 volcanic cone grown on top of a crater-like depression and several parasitic cones. 548	
 549	
Fig. 4: A) and B) Seismic profiles from the 3D seismic dataset revealing the internal architecture of the deformed and 550	
eroded sediments including folded sediment packages, rotated blocks, and shear zones as well as the interaction with 551	
pre-collapse volcanic cones and ridges. 552	
 553	
Fig. 5: A) and B) Seismic profiles from the 3D seismic dataset revealing the internal architecture of the deformed and 554	
eroded sediments including folded sediment packages, rotated blocks, and shear zones as well as the interaction with 555	
pre-collapse volcanic cones and ridges. 556	
 557	
Fig. 6: 3D seismic view on the deformed sediments within and in front of the toreva block pushed on top of the 558	
neighboring scoria cone. A continuous seismic reflection within the toreva block is traced in 3D (purple) and a thrust 559	
fault coinciding with a sediment ridge is marked with arrows. 560	
 561	
Fig. 7) A) Seismic profile showing deformed sediment layers within the toreva block indicating an increased 562	
deformation with depth. B) Comparison between contour lines of the toreva block with the specific contour lines from 563	
the cone reconstruction indicating the lateral displacement of the toreva block. 564	
 565	
Fig. 8: A) 3D view on Ritter and the surrounding seafloor with a reconstruction of the pre-collapse cone B) Thickness 566	
map of the sediments affected by the failure of Ritter calculated with a seismic velocities of 1500 m/s. C) Thickness 567	
map of the eroded sediments by the failure of Ritter. 568	
 569	
Fig. 9: Reconstruction of the 1888 Ritter sector collapse 570	
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